Resveratrol synthase (RS) is the key enzyme for biosynthesis of resveratrol which come from coumaroyl-coenzyme A (CoA) and malonyl-CoA. Here, we report the cloning and characterization of a RS gene and accumulation of resveratrol in tartary buckwheat (Fagopyrum tataricum). FtRS was composed of 1173 bp open reading frame and 390 amino acid residues and had a theoretical molecular weight and isoelectric point value of 43.70 kDa and 6.24, respectively. The FtRS expression levels were examined in sprouts and different organs of two tartary buckwheat cultivars, Hokkai T8 (T8) and Hokkai T10 (T10). FtRS transcript levels and resveratrol contents were higher under the dark condition compared with light condition. The expression levels of different organs of T10 was not observed significant variations compared to different organs of T8. Interestingly, resveratrol was detected in the sprouts developmental stages, but no resveratrol could not detect in any other organs of both T8 and T10. Therefore, we suggest that the resveratrol content in tartary buckwheat sprouts may be attributed mainly to the dark condition. The characterization of FtRS will be helpful for better understanding of the resveratrol biosynthesis in tartary buckwheat.
Buckwheat, a member of the Polygonaceae family, has pharmacological effects on human health because of its high content of flavonoid compounds. There are 2 species of cultivated buckwheat, common buckwheat (Fagopyrum esculentum) and tartary buckwheat (Fagopyrum tataricum), the latter of which,in particular, contains plenty flavonoids, including rutin and quercitrin. The rutin content in seeds of tartary buckwheat (0.8-1.7% dry weight [DW] ) is higher than that of common buckwheat (0.01% DW) [1] . Recently, Suzuki et al. [2] reported about two tartary buckwheat cultivars, Hokkai T8 (T8) and Hokkai T10 (T10), and showed that the level of cyanidin 3-O-rutinosidein T10 was higher than that in T8. In addition, buckwheat sprouts are well known as a healthy food because of their antioxidant components (polyphenols) [3] . Previously, our group demonstrated the accumulation of phenylpropanoids and correlated gene expression during the development of T8 and T10 tartary buckwheat sprouts [4] .
Resveratrol, belonging to the class of phytoalexins involved in plant defense reactions [5] , has been shown to reduce the conidia germination and mycelia growth of Botrytis cinerea [6] . Resveratrol was isolated first from the roots of white hellebore and later from Polygonum cuspidatum Sieb. et Zucc. [7] . In recent years, the compound has been suggested to play an important role in the prevention of cancers, heart diseases, and neuro degenerative diseases [8] and it is also reported that resveratrol may increase longevity in eukaryotes through the activation of sirtuins [9] .
Resveratrol synthase (RS), belonging to a group of enzymes known as stilbene synthase (STS), is the key enzyme in the resveratrol biosynthesis from coumaroyl-coenzyme A (CoA) and malonyl-CoA ( Figure 1 ). Interestingly, chalcone synthase (CHS) uses the same substrates but generates different products [9] . Trans-resveratrol (trans-3,5,4-trihydroxy-trans-stilbene) is the best-characterized stilbenoid and a non-flavonoid phenolic compound produced by a limited number of plant species [10] . To date, RS genes have been cloned and characterized from several plant species, such as peanut [9] , Pinus [11] , and grape [12] . Schröder et al. [9] reported that RS showed a substantial number of amino acid differences to CHS in positions highly conserved in all CHS enzymes. They presumed that RS and CHS possess a common scaffold necessary for binding of the substrates and the type of enzyme reaction, and that the differences are responsible for the formation of different products. The enzyme activity of CHS has been identified in walnut tree [13] , Physcomitrella patens [14] , and petunia [15] . Recently, Condori et al. [16] reported the expression and functionality of a RS gene from peanut, and they described that HPLC and mass spectrometry analyses exhibited the production of trans-piceid (resveratrol glucoside) as the major stilbenoid NPC Natural Product Communications 2013 Vol. 8 No. 11 1571 -1574 compound confirming the functional activity of the RS enzyme in planta. In this study, the cDNA of F. tataricum RS was isolated and characterized for the first time. Quantitative real-time RT-PCR (qRT-PCR) was carried out to examine the transcript level during the development of tartary buckwheat sprouts and different organs. In addition, the resveratrol levels in both sprouts and different organs of T8 and T10 cultivars were also analyzed.
Based on the partial next generation sequencing (NGS) sequence (448 bp), gene-specific primers were designed for 5-rapid amplification of cDNA ends (RACE) to isolate a cDNA fragment of RS from T10 flowers. The open reading frame (ORF) of FtRS (GenBank accession no. KC404853), 1173 bp in length, encodes a 390 amino acid that has a theoretical molecular weight (MW) and an isoelectric point value (pI) of 43.70 kDa and 6.24, respectively. A BLAST search at the amino acid level shows that FtRS exhibits 65-90% identity with STSs, CHSs, and other RSs (Supplementary Figure S1 ). In particular, FtRS shares 90% identity and 94% similarity with Polygonum cuspidatum STS, 85% identity and 94% similarity with Rheum palmatum aloesone synthase, and 65% identity and 82% similarity with Sorghum bicolor CHS2, 63% identity and similarity with Fagopyrum tataricum. In addition, the family signature sequence for STSs and CHSs [17] is GVLFGFGPGL, whereas FtRS has s GVAIGLGPGLT conserved motif. FtRS also contains a conserved residue at position 165 (the central section of the protein sequence), which is essential for the catalytic activity of both STS and CHS [17] .
Schröder et al. [9] has reported that RS is related to CHS. Although many motifs are similar between RS and CHS, there are at least 3 regions of pronounced differences, which are not observed between CHS from different plants. As shown in Supplementary Figure S2 , FtRS had closest relationship with P. cuspidatum STS and FtCHS was classified into STS and CHS group. Especially, monocotyledons (CHS group) and dicotyledons (RS or STS group) were separated. However, only FtCHS was belonging in RS or STS group. Interestingly, Austin et al. [18] described that RS has evolved from CHS in a limited number of phylogenetically distinct plants via gene duplication and subsequent mechanistic divergence. For FtRS and FtCHS functional characterization, we may perform transformation of FtRS and FtCHS genes in T10 tartary buckwheat cultivar using hairy root transformation system in the near future. The subcellular localization of FtRS was predicted mostly in mitochondria and in the chloroplast and cytosol. Winkel [19] pointed out that the proanthocyanid in pathway may exist as a metabolic channel associated with cellular membranes.
The FtRS expression levels in different organs of T8 and T10 were analyzed by qRT-PCR ( Figure 2 ). The FtRS transcript levels in different organs of T8 and T10 cultivars did not show much difference between two studied tartary buckwheat cultivars. From this study, it was shown that the expression levels were slightly higher in the leaves, flowers, and seed stages 1, 2, and 3, where the expression was much lower both in the stem and root of both cultivars. The transcript levels in T8 leaves and T10 seed stage 2 were 9-and 3-fold higher than those in both T8 and T10 stems, respectively. Previously Chung et al. [20] reported that RS-specific mRNAs in peanut plants under field condition showed higher levels in the roots and pods, but were lower in the leaves, and seed coats, and seeds.
The FtRS mRNA levels in T8 and T10 cultivars grown under dark and light conditions were analyzed by qRT-PCR from 0 to 12 DAS (days after sowing). The FtRS expression levels in the sprouts grown under dark conditions were higher, compared to those grown under light conditions (Figure 3 ). The transcription patterns of FtRS in both T8 and T10 cultivars were almost similar under both conditions. The FtRS expression levels were the highest at 3 DAS for both cultivars, and then decreased gradually from 3 to 12 DAS. Under the dark condition, the FtRS transcript levels in both T8 and T10 cultivars at 3 DAS were 5-and 9-fold higher, respectively, compared to the last sampling (12 DAS). On the other hand, the expression levels in both T8 and T10 cultivars at 3 DAS under the light condition were 9-and 2-fold higher, respectively, compared to those at 12 DAS. The transcription of FtRS in both T8 and T10 cultivars under the light or dark condition did not exhibit significant differences, compared to the H3 gene.
Our group previously reported that the genes from F. tataricum phenylalanine ammonia lyase to flavanone 3-hydroxylase in the flavonoid biosynthetic pathway did not exhibit significant difference between T8 and T10 sprouts under the light/dark or dark condition [4] . Tuan et al. [21] also reported that carotenogenesis genes in Chinese cabbage seedlings showed similar transcription patterns under both dark and light conditions. Similarly, in this study we demonstrate that light condition has no any influence for the expression of the FtRS transcript and also showed that T8 and T10 cultivars had the similar FtRS expression patterns during sprout development.
The resveratrol levels during seedling development of T8 and T10 were analyzed by HPLC. Resveratrol was detected in the sprouts developmental stages, but no resveratrol could be detected in any other organs of both T8 and T10. Under the dark condition, the resveratrol content in the T8 at 3 to 12 DAS was higher than that of T10. In addition, the level of resveratrol at 3 DAS was the highest in both T8 and T10 and this result was matched with transcript levels. The resveratrol content of T8 was decreased gradually from 3 to 9 DAS (0.5 mg/g DW to 0.14 mg/g DW) and then increased at 12 DAS (0.23 mg/g DW) under dark condition. In particular, the resveratrol levels of T8 at 3 and 6 DAS were 2.5-and 4-fold higher, respectively, than those in T10. Under light condition, resveratrol content in both cultivars was different and a trace amount of resveratrol (0.05 mg/g DW) was detected only in T8 at 3 DAS (Figure 3) . Very recently, we reported that the catechin content of T8 during sprout development under light and dark conditions was higher than that of T10 [22] . In previous study, no epicatechin was detected in T10 under the light condition, whereas T8 was found to contain a high level of epicatechin, indicating that the epicatechin biosynthesis was affected by light only in T8 [22] . In this study, we demonstrate that the resveratrol contents in the sprouts of T8 and T10 cultivars did not change due to light treatment. However, Sheoranis et al. [23] has suggested that light generally acts as an essential anthocyanin inducer and regulates the pigment intensity by affecting the regulatory and structural genes involved in the anthocyanin biosynthesis. It has also been shown that the contents of phenolic acids, anthocyanins, and flavonols were increased rapidly by irradiation, whereas the levels of flavanols, procyanidins, and dihydrochalcones were not changed in either mature or ripe apple fruits [24] .
Characterization of a resveratrol synthase gene
In conclusion, our study shows that the resveratrol content in both T8 and T10 was unchanged by light. Especially, the sprouts of both tartary buckwheat cultivars showed higher FtRS transcript levels and resveratrol contents at the early stage (3 DAS). In addition, we observed that resveratrol existed only in the sprouts. Overall, our data suggest that both T8 and T10, tartary buckwheat cultivars, have a similar mechanism of the resveratrol biosynthesis. This study will help advance our understanding of the resveratrol biosynthesis in tartary buckwheat.
Experimental

Plant materials and growth conditions:
Two tartary buckwheat cultivars (Hokkai T8 and T10) provided by the Hokkaido Agricultural Research Center (Hokkaido, Japan) were analyzed following our previously published protocol [4] . For studying seedling development, seeds were dehulled, sterilized with 70% ethanol for 30s and a 4% (v/v) bleach solution for 15 min, and then rinsed 5 times with sterile water. Seeds were subsequently placed on sucrose-free quarter-strength sterilized Murashige and Skoog medium solidified with 0.8% agar. Seedlings were grown in a growth chamber at 25°C under standard cool-white fluorescent tubes with a flux rate of 35 μmol s -1 m -2 . Both light (16-h light/8-h darkness) and dark (24-h darkness) conditions were used in this study. For biological replicates, 3 plastic boxes were used for each treatment with 30 seeds per box, and sprouts including roots were harvested at 0, 3, 6, 9, and 12 DAS for gene expression and quantification of resveratrol. For getting samples in different plant parts, seedlings of both T8 and T10 cultivars were transferred into pots filled with a perlite soil mix and then allowed to grow until last sampling in the greenhouse (25°C and 50% humidity) at the Chungnam National University (Daejeon, Korea). After 6 weeks, different plant organs (seeds at developmental stages 1, 2, and 3; flowers; stems; leaves; and roots) were collected. Seed stages were distinguished as described previously [25] . All samples were frozen in liquid nitrogen upon collection and stored at -80°C until use.
Isolation of the gene encoding RS:
Two different methods were used to extract the total RNA. Total RNA of sprouts was isolated using easy BLUE total RNA Kit (iNtRON, Korea). For complex polysaccharides, each different organ was extracted by minor modified cetyltrimethylammonium bromide (CTAB) method [26] . RNA quantity and quality were assessed by a NanoVuePlus Spectrophotometer (GE Health Care Life Sciences, USA) and by running 1µg of RNA on a formaldehyde-agarose gel, respectively. The GeneRacer Kit (Life technologies, Carlsbad, CA) was used to isolate the full-length cDNA encoding the complete FtRS sequence. A partial conserved sequence of putative RS was obtained from NGS platforms (Roche/454 GS_FLX+ and Illumina/Solexa HiSeq2000) (unpublished data) of F. tataricum.
Total mRNA was transcribed and shotgun sequenced using both the Roche/454 GS_FLX+ and Illumina/Solexa HiSeq2000 NGS systems. For the GS_FLX+ platform, mRNA was purified from total RNA using Sera-Mag Magnetic Oligo(dT) beads (Illumina Cat. #RS-930-1001, San Diego, CA, USA), while cDNA synthesis, NGS library construction, and DNA sequencing were performed following the manufacturer's instructions (Roche Diagnostics, Mannheim, Germany). For sequencing using the HiSeq2000, mRNA purification from total RNA, cDNA synthesis, library construction, and DNA sequencing were performed following the manufacturer's protocol (Illumina). The following primers were used for each 5-RACE PCR reaction: reverse, 5-TCAGATGGAA GGTCAGCCCTGCCTCGG-3; and nested reverse, 5-CCAGTGG CTTGAATGCTTCGAGCATCACC-3. Each RACE product was cloned into the T-blunt vector and then sequenced (SolGent, Daejeon, Korea).
cDNA synthesis and qRT-PCR analysis:
The first-strand cDNA was synthesized from total RNA (1 µg) using the ReverTra Ace-α Kit (Toyobo, Osaka, Japan) and (dT) 20 oligo primers according to the reverse transcription manufacturer's protocol. The full-length FtRS cDNA was confirmed by PCR amplification using the primer sets: forward 5-ATGTCGAAGCTTGTCCAGCA-3; reverse, 5-TCAAATGGCAACACTACGCATAA-3, followed by TA cloning and DNA sequencing analysis. Gene-specific primer sets designed for qRT-PCR were as follows: forward, 5-CATGTTCCACACCGA AGAGAATCTAAC-3; and reverse, 5-GATCTTAGACTTGTC TTGGCCCCAC-3. qRT-PCR was performed in a 20 µl reaction volume with 0.5 µM of each primer and 2  SYBR Green Real-time PCR Master Mix (Toyobo, Osaka, Japan) under the following condition: an initial step at 95°C for 3 min, followed by 40 cycles of 95°C for 15 s, 72°C for 20 s, and annealing for 20 s at 55°C. qRT-PCR reactions were carried out in triplicate on a CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The histone H3 gene (GenBank accession no. HM628903) was used as a housekeeping gene [4] and primer sets were as follows: forward, 5-GAAATTCG CAAGTACAGAAGAG-3; and reverse, 5-CCAACAAGGTATG CCTCA GC-3.
Sequence analysis:
The deduced amino acid sequence of FtRS was aligned using the BioEdit program, and MW and pI were calculated using the Compute pI/Mw tool (http://ca.expasy.org/tools/pi_tool. html). The putative subcellular localization of buckwheat RS was predicted online through PSORT (http://psort.ims.utokyo.ac.jp/ form.html). The phylogenic tree was constructed using the program ClustalX and MEGA version 5.0, and the secondary structure of RS was predicted bythe network protein sequence analysis, SOPMA (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/ npsa_sopma.html).
